Abstract-Smectite clays demonstrate high affinities for nitroaromatics that strongly depend on the exchangeable cation. The Ksmectites have high affinities for nitroaromatics, but Ca-smectites do not. Here we evaluate the ability of K-smectite to attenuate the bioavailability and hence toxicity of 2,4-dinitrotoluene (2,4-DNT) to the aquatic plant duckweed. In the absence of K-smectite, 2,4-DNT was highly toxic to duckweed. Small amounts of K-smectite reduced toxicity substantially, presumably by reducing 2,4-DNT bioavailability via sorption.
INTRODUCTION
Sorption to soils and sediments is a major determinant of environmental fate and impact of contaminants, such as potential for leaching and bioavailability to microorganisms and plants [1] . Sorption often renders contaminants less available to receptor organisms [2] [3] [4] [5] . Aqueous contaminant concentrations are lowered by sorption, thereby inhibiting root uptake by plants. Similarly, soil microorganisms ineffectually may degrade organic contaminants if they cannot access readily the sorbed contaminant pool. Harris [6] showed that insecticide adsorption by soil minerals under dry conditions substantially raised the lethal concentration towards crickets, whereas hydration caused release of sorbed contaminants, hence increasing bioavailability of the insecticides and lowering the lethal concentration values. Scribner et al. [7] and Steinberg et al. [8] showed that sorption and sequestration of ethylene dibromide and simazine in field-weathered soils reduced bioavailability to indigenous contaminant biodegrading microorganisms. In contrast, there are examples where bacteria are able to access directly the pool of sorbed substrate [9] [10] [11] .
Nitroaromatic compounds (NACs) are a class of soil contaminants that pose the threat of adverse effects on human and ecosystem health. Nitroaromatic compounds demonstrate high affinity for certain soil clays, especially smectites, which strongly are influenced by cations occupying cation exchange sites of the clay. Smectites exchanged with K ϩ have high affinities for aqueous phase NACs, whereas smectites exchanged with Ca 2ϩ do not [12] [13] [14] [15] . The effect of exchangeable cation type on NAC sorption appears to be related to their hydration energies: Weaker hydration of exchangeable cations (e.g., K ϩ ) on smectite surfaces promotes favorable interactions between cations and the ϪNO 2 groups of NACs, an optimal interlayer distance (12.5 Å ) that allows simultaneous interactions of the NACs with the opposing clay surfaces, and partial solute dehydration; these processes all are favorable energetically [14] . Furthermore, smaller hydration spheres provide larger regions * To whom correspondence may be addressed (boyds@msu.edu).
of siloxane surface between exchange cations that are unobscured by water. These siloxane surface regions are the primary adsorptive domains. Li et al. [16] measured adsorption of the pesticide dichlobenil by K ϩ -and Ca-smectites from binary aqueous solutions of KCl and CaCl 2 and found that adsorption increased with increasing molar ratio of K ϩ to Ca 2ϩ . These results, taken together, demonstrate that pesticide adsorption by smectites can be controlled by adjusting the amount of K ϩ and Ca 2ϩ associated with smectites in soils or sediments.
The objective of this study was to demonstrate the capacity of smectite clay to attenuate the bioavailability and hence toxicity of NACs to duckweed. Bioavailability of contaminants during bioremediation needs be to optimize so that they are sufficiently available for effective plant uptake or microbial degradation without being present at levels that are toxic to the organisms used for bioremediation. Duckweed is a freefloating aquatic plants often found growing on nutrient-rich water in ponds and lakes. Toxicity testing using duckweed is an accepted and common protocol to evaluate aquatic toxicity of organic contaminants and heavy metals present in natural bodies of water [17] [18] [19] [20] . The toxic effects of NACs to duckweed were evaluated to assess the bioavailability and toxicity of NACs in aqueous systems containing, and devoid of, Ksmectite.
MATERIALS AND METHODS

Materials
Dinitrotoluene was purchased from Aldrich Chemical Company (Milwaukee, WI, USA) with a reported purity Ͼ97%. All other chemicals used were reagent grade. Reference smectite clay (Wyoming montmorillonite, SWy-2) was obtained from the Source Clays Repository of the Clay Minerals Society (Purdue University, West Lafayette, IN, USA). The method of preparation of the homoionic K-and Ca-smectites can be found in Arroyo et al [21] . Prior to use in phytotoxicity assays, Ksmectite was sterilized by heating at 120ЊC for 3 to 5 d.
Duckweed culture
Duckweeds were used as the phytotoxic indicator species for evaluating NAC exposure. Lemna minor (L.) duckweed 
NAC phytotoxicity
The effect of clay sorption of 2,4-dinitrotoluene (2,4-DNT) on duckweed growth was evaluated as follows. Prior to inoculation with duckweed, 150 ml of 1/5 X DWM containing 7.5 mg/L 2,4-DNT and 0.01 M KCl was mixed with 300 mg of K-smectite in a 300-ml Erlenmeyer flask for 4 h at room temperature to establish sorption equilibrium [15] . To initiate the bioassay, eight to10 duckweed fronds were transferred to each flask, which then was closed with foam plugs and foil and incubated without shaking. Controls consisted of the same 1/5X DWM without K-smectite and/or without 2,4-DNT. The 2,4-DNT aqueous concentrations were analyzed using highperformance liquid chromatography. In a similar experiment, but in the absence of K-smectite, 2,4-DNT toxicity to duckweed was measured over a range of 2,4-DNT concentrations from 0 to 20 mg/L in order to establish a dose-response relationship. The test concentration for the clay experiment of 7.5 mg/L 2,4-DNT was selected because it was toxic to duckweed in aqueous solution, but could be lowered to a nontoxic level (according to the dose-response data) by adding a moderate (300 mg) amount of K-smectite.
Growth rate was calculated by fitting the data to a firstorder equation
where F t and F 0 are the frond numbers at time t (d) and initial time, respectively, and k (d Ϫ1 ) is the growth rate constant. Doubling time, T 2 (d), of duckweed growth in terms of frond numbers was calculated using the equation
RESULTS AND DISCUSSION
The dose-response relationship of L. minor to aqueousphase 2,4-DNT at different intervals of exposure is shown in Figure 1 . The response of L. minor to 2,4-DNT solutions ranging from 0.5 to 20 mg/L (without K-smectite) was evaluated to identify the level at which 2,4-DNT inhibits duckweed growth. The results indicated that L. minor growth was impacted negatively at 2,4-DNT concentrations Ն0.5 mg/L. For L. minor exposed to 2,4-DNT concentrations Ն0.5 mg/L, growth was inhibited as indicated by decreased growth rate constants and increased doubling time compared with the 2,4-DNT-free control. The doubling time increased approximately 10 and 20% at 2,4-DNT concentrations of 0.5 mg/L (T 2 ϭ 2.6 d) and 1.0 mg/L (T 2 ϭ 2.9 d), respectively, relative to that of the control when no 2,4-DNT is present (T 2 ϭ 2.3 d) . This corresponds to a Ͼ50 % reduction in the number of fronds after a 12-d exposure to 2,4-DNT (Fig. 1) . As 2,4-DNT concentration increased to Ͼ1.0 mg/L, toxic symptoms were apparent because the duckweed fronds changed from green to yellow-brown in color. Sorption is a major process that can reduce the bioavailability of organic compounds to target organisms, and NACs are strongly adsorbed by K-smectites [12] [13] [14] [15] . As NACs are sorbed by K-smectites, their bioavailability to aquatic plants may be reduced. The growth responses of L. minor to 7.5 mg/L of 2,4-DNT solutions in the presence and absence of Ksmectite after 11 d of exposure are shown in Figure 2 . In the absence of K-smectite, the 7.5 mg/L 2,4-DNT solution completely inhibited L. minor growth, as was evidenced by failure to produce more fronds over the 11-d exposure period. The toxicity of 2,4-DNT at this concentration was apparent after 4 d of exposure because duckweeds showed signs of chlorosis consisting of pale yellow and white spots on tissues. Death of L. minor occurred at approximately 9 d of exposure. The addition of K-smectite substantially reduced the inhibitory effects on frond production and toxicity arising from the presence of 7.5 mg/L of 2,4-DNT in the absence of K-smectite. Addition of K-smectite reduced 2,4-DNT concentration in water from 7.5 mg/L to 0.4 mg/L, an aqueous phase concentration that would have minimal impact on duckweed growth in the absence of K-smectite (Fig.1) .
As noted above, no apparent growth occurred in solutions containing 7.5 mg/L of 2,4-DNT without K-smectite present. The amendment of K-smectite to 1/5X DWM containing an initial 2,4-DNT aqueous concentration of 7.5 mg/L resulted in the doubling time of L. minor of 2.5 d, which is comparable to the treatments free of 2,4-DNT in the presence of K-smectite (T 2 ϭ 2.3 d) and the absence of K-smectite (T 2 ϭ 2.8 d). Adsorption of 2,4-DNT by K-smectite significantly reduced the aqueous 2,4-DNT concentration (from 7.5-0.4 mg/L) and it is apparent that this reduction caused decreased bioavailability and hence reduced toxicity of 2,4-DNT to duckweed (Fig. 2) .
The results presented demonstrate that sorption of 2,4-DNT by K-smectite diminished bioavailability and toxicity to aquatic plants. This information could be useful in developing strategies for control of NAC mobility and bioavailability to target organisms such as plants and microorganisms utilized in in situ bioremediation technologies. As part of a watershed geostabilization strategy, clay-modulated NAC sorption would allow sufficient phytoremediative plant biomass accumulation at otherwise phytotoxic contamination levels. This would allow for effective phytostabilization and contaminated particulate erosion control. Furthermore, subsequent ion exchange of K ϩ (on clays) with Ca 2ϩ could be used to release target NACs in a controlled fashion [16] into an active rhizosphere for effective plant uptake or bioremediation. Smectite clays are distributed widely in nature [23] and could be present at contaminated sites. Field-scale injections of K ϩ and Ca 2ϩ electrolyte solutions have been used to immobilize and remobilize NACs in a subsurface aquifer [24] . Furthermore, smectites commonly occur as geologic deposits that are mined and used for many commercial, industrial, and environmental applications [25] . As such, smectite clays realistically could be added to soils, sediments, or surface waters to modulate the bioavailability and toxicity of NAC utilizing the geochemical application described herein.
